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A study of the reproductive biology of black wattle (Acacia mearnsii de Wild) was conducted, speciﬁcally with regard to the compatibility of
the diploid× tetraploid cross to produce a triploid variety, together with identifying ways of increasing triploid seed production. Fluorescent mi-
croscopy was used to determine pollination and fertilisation rates and to identify any pre-zygotic barriers at the stigma, style and ovary. Both dip-
loid and tetraploid families were tested as maternal parents to establish if this was imperative to producing a triploid. Morphological measurements
were documented in order to determine any incompatibilities in the cross to produce a triploid. The in vivo results showed that successful fertilisa-
tion of the ovary was possible whether one used a diploid or tetraploid maternal parent. When the maternal parent was a tetraploid, however, the
pollination rate (polyads adhering to the stigma) and ovary fertilisation rates were signiﬁcantly (pb0.05) greater. Morphological measurements and
observations also revealed that tetraploid ﬂoral parts were signiﬁcantly (pb0.05) larger than the diploids. The morphological size differences be-
tween the diploid and tetraploid polyads and pistils did not appear to inﬂuence the fertilisation of the ovaries and thus did not pose any identiﬁable
barrier in the cross to produce a triploid. When considering the results from the cross to produce a triploid (2n×4n or 4n×2n), the diploid polyads
were signiﬁcantly (pb0.05) more vigorous and suitable in fertilising the tetraploid ovaries as opposed to the reverse. Possible pre-zygotic barriers
at the stigma, style or ovary were investigated and the only area that could be identiﬁed limiting seed production was within the ovary.
© 2011 SAAB. Published by Elsevier B.V. All rights reserved.
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Black wattle (Acacia mearnsii de Wild) is an important com-
mercial hardwood forestry species grown both for the high grade
export-quality tannins present in the bark, which are to produce
tanning extracts and adhesives, as well as for high quality pulp
for the pulp and paper industry. Black wattle is also used by
rural communities in South Africa for firewood, charcoal and
building purposes. By having duel marketable products, the
planting of this species becomes extremely lucrative. In South
Africa, black wattle plantations currently constitute approximate-
ly 8.2% of the total area under commercial forestry plantations,
giving an area of approximately 120000 ha (Dyer pers. comm.,⁎ Tel.: +27 33 3862314; fax: +27 33 3868905.
E-mail address: sascha.pay@icfr.ukzn.ac.za.
0254-6299/$ -see front matter © 2011 SAAB. Published by Elsevier B.V. All rights
doi:10.1016/j.sajb.2011.11.0022010). Black wattle is, however, an exotic species from Australia
and is a prolific seed producer. Seed can remain viable in the soil
for many years and, in unmanaged stands, black wattle can pose
an environmental threat. It has thus been classified as an invasive
species. For this reason, the production of seedless or sterile trees
would be beneficial both to the wattle industry and the
environment.
One means of developing a sterile black wattle could be
through the production of a triploid variety. Due to the uneven
chromosome number, triploids are unable to undergo success-
ful sexual reproduction and are thus sterile. Triploids can be
produced by crossing colchicine-induced tetraploids with dip-
loids (Beck et al., 2003). The induction of triploids has been
successful with a number of species, mostly in the fruit indus-
try, where seedless fruit are favoured as better table cultivars
and are generally larger than the diploids (Geraci et al., 1982).reserved.
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been carried out on poplars (Bradshaw and Stettler, 1993; Li et
al., 2008). If production of a triploid variety could be achieved
with black wattle, the benefits could be manifold, in terms of po-
tential increases in timber and pulp yield. The production of a
sterile variety of black wattle would further guarantee that all
seed sold or distributed in the future will produce sterile trees,
thus reducing the contribution of seed to the existing seed bank
and limiting the spread of wattle seed outside plantation bound-
aries. Tetraploid black wattle has been successfully induced in a
previous study (Beck et al., 2003), but despite a number of sea-
sons of crossing with diploids, no triploid seed was set. Conse-
quently, a study on the reproductive biology of black wattle
was carried out, specifically with regard to the compatibility of
the diploid× tetraploid cross to produce a triploid variety and
also to identify ways of increasing triploid seed production.
Moncur et al. (1989, 1991) conducted an in depth study into
the floral morphology, breeding systems and factors limiting
seed production in Australian seedlots of black wattle. The in-
florescences of black wattle are grouped together to form a ra-
ceme and each inflorescence consists of numerous small
flowers (Fig. 1a). The flowers can be hermaphroditic with func-
tional male and female reproductive organs, or alternatively
have only functional male reproductive organs (Grant et al.,
1994). There is a distinct female phase which lasts approxi-
mately 24 h, during which time the stigma is receptive, fol-
lowed by a longer male phase (3–5 days) where the stigma is2n
4n
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Fig. 1. Reproductive structures of A. mearnsii. (a) Raceme comprising multiple inflo
raploid (4n) polyads, and (d) an anther comprised of two locules, each containing fono longer receptive (Fig. 1b). Black wattle pollen is clumped
together into polyads (Fig. 1c), with 16 pollen grains per polyad
and eight polyads per anther. The anther is bilobed, with each
lobe containing four locules which house a single polyad
(Moncur et al., 1989, 1991) (Fig. 1d). The polyad is designed
to protect the pollen and ensure that maximum pollen germina-
tion is possible when the polyad attaches to the stigma (Kenrick
and Knox, 1982). There is a considerable amount of overlap-
ping of receptive flowers due to the asynchronous opening of
the flowers within an inflorescence, and thus the chances of
selfing are high. Moncur et al. (1991) observed that incompat-
ible polyads attaching to the stigma can act as barriers to
other polyads, as noted with selfing operations, resulting in
poor seed production and that the site of incompatibility was
most likely within the ovary. Black wattle is considered to be
predominantly an outcrossing species, with outcrossing rates
in South Africa being on average approximately 85%
(Moffett, 1956). Moncur et al. (1989, 1991) presented results
indicating the poor seed set in black wattle for selfing (0.5%),
cross pollination (21.2%) and open pollination (1.3%) opera-
tions. These authors concluded that poor seed set in black wat-
tle could be explained by the erratic visitation of pollinators
(Moncur et al., 1991), low numbers of polyads attaching to
the stigma (Moffett and Nixon, 1974), the ratio of male to fe-
male flowers within an inflorescence, as well as high levels of
selfing (Moffett and Nixon, 1974). Griffen et al. (2010)
reported that with Acacia mangium, controlled pollination 
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rescences, (b) stigmas extended over numerous anthers, (c) diploid (2n) and tet-
ur polyads.
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also showed that emasculation techniques gave no advantage
in increasing seed set following controlled pollination. Timing
of pollination when the stigma is receptive together with com-
petition at the polyad/stigma interface could be aiding to the
poor fertilisation rates and seed set in A. mangium (Griffen et
al., 2010).
Research into triploid production of lantana (Deng,
2005–2006) showed that the seed set after cross pollinations be-
tween tetraploids and diploids was extremely low and that seed-
ling germination was poor when compared to standard varieties.
Bearing this in mind, together with the research conducted into
the poor seed set in diploid black wattle populations (Kenrick
and Knox, 1989; Moffett, 1956; Moffett and Nixon, 1974;
Moncur et al., 1989, 1991), even poorer percentages of seed
being produced in the cross to produce a triploid black wattle va-
riety was anticipated.
The aim of this study was to determine the feasibility of pro-
ducing triploids in A. mearnsii. The study investigated if the
ploidy of the maternal parent used in the triploid cross was a de-
terminant for successful fertilisation, if there were any apparent
family differences. In addition, the study aimed to identify any
pre-zygotic barriers at the stigma, style or ovary that could be
preventing fertilisation and reducing seed production.
2. Material and methods
2.1. Plant material
Five diploid and five tetraploid families (one tree per family)
were used in the experiment. The five tetraploid trees were all
half-sibs, whereas the diploids were all unrelated. For each
tree the following crosses were conducted: Diploid (2n) mater-
nal parent: 2n×2n; 4n×2n; 2n self; 2n control (where no cross
was conducted but inflorescences were bagged); Tetraploid
(4n) maternal parent: 4n×4n; 2n×4n; 4n self; 4n control.
2.2. In vitro (laboratory) and in vivo (field) cross pollinations
Experiments were conducted both in vitro and in vivo in
order to see if possible environmental barriers affecting pollina-
tion and fertilisation could be removed or minimized under lab-
oratory conditions. For the in vitro crosses, unopened
inflorescences (yellow bud stage, Fig. 2a) were collected and
placed aseptically onto Petri dishes containing water agar medi-
um (2%) (Kenrick and Knox, 1981). The Petri dishes were
sealed and placed onto the laboratory bench and inflorescences
were allowed to open overnight (Fig. 2b). Laboratory tempera-
tures were kept between 28 and 30 °C. A mix of fully opened
inflorescences (which had opened inside isolation bags)
(Fig. 2c) were collected for pollen/polyads and placed into a
desiccator containing silica gel for 1 h (Fig. 2d). This was
done to allow the anthers which hold the polyads, to desiccate
slightly and release the polyads (Stiehl-Alves pers. comm.,
2009). These inflorescences were then used for cross pollina-
tions. When the inflorescences started to open, the first cross
pollination was conducted aseptically (Fig. 2e), by gentlybrushing the pollen donor flowers over the female inflores-
cences on the agar medium. A second cross pollination was
conducted 24 h later. Inflorescences were collected 48 h after
the second cross pollination and fixed in 95% ethanol:acetic
acid (3:1, v/v) for 1 h. Thereafter, they were washed in sterile
Millipore water and stored in 70% ethanol (Fig. 2f).
For in vivo cross pollinations, inflorescences were bagged on
the tree at the yellow bud stage and allowed to open in the iso-
lation bag (Fig. 2e). A mix of fully opened inflorescences were
collected and used for cross pollinations, as described above.
Crosses were conducted by gently rubbing the pollen donor
flowers over the female inflorescences within the isolation
bag. A second cross pollination was conducted 24 h later.2.3. Fluorescent microscopy
Pistils were softened and stained using a modified procedure
developed by Martin (1959). The pistils were excised using a
dissecting microscope and then softened in 3 N NaOH for
3 h, rinsed in tap water for 1 h and then stained with deco-
lourised aniline blue stain (3 ml 1% aniline blue+1 ml 3 N
K2HPO4+26 ml dH2O) for 4 h, and then stored in glycerol.
Pistils were viewed under fluorescence with an Olympus mi-
croscope equipped with a UV filter system consisting of a di-
chroic mirror (400 nm), UV excitation filter (330 to 385 nm)
and a barrier filter (420 nm).
Fifty pistils were isolated per treatment (5 per inflorescence)
and a number of morphological measurements were recorded.
Pollination rates were recorded as the number of stigmas with
polyads attached and in the cross to produce a triploid, the num-
ber of stigmas with correct polyads attached i.e. if a tetraploid was
the maternal parent then diploid pollen was considered as correct
pollen, necessary for successful fertilisation to produce a triploid.
Fertilisation rates were recorded as the number of ovaries pene-
trated and where possible, the number ovules penetrated.2.4. Statistical analysis
Data were analysed using one or two-way ANOVA in GEN-
STAT®Version 9 (Lane and Payne, 1996). Significant differences
between treatments were determined using least significant differ-
ences (lsd).3. Results
3.1. Comparison of in vitro with in vivo cross pollinations
For all the variables measured (Table 1), except for stigmas
with correct polyads for the 2n×4n and 4n×2n crosses, the re-
sponse of the in vitro results were significantly (pb0.05) poorer
than the in vivo results. Even the amount of data measured
(where possible) from the in vitro material was significantly
(pb0.05) less than that from the field. For this reason, only
the in vivo results were used for further evaluation in this study.
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Fig. 2. In vitro (laboratory) and in vivo (field) cross pollinations. (a) Inflorescences at the yellow bud stage are placed onto agar, (b) and allowed to open overnight. (c)
In vitro cross pollinations. (d) Inflorescences to be used as pollen donors are placed in a desiccator to help release the polyads from the anthers. (e) Bagged inflores-
cences (in vivo) flowers ready to be crossed. (f) Fixing of inflorescences 48 h after the second cross pollination.
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parent
In all crosses conducted, the pollination rate (stigmas with
polyads and stigmas with correct polyads) was less than 50%
(Table 1 and Fig. 3). For the 4n×2n cross, there was a notice-
able reduction from stigmas with polyads to stigmas with cor-
rect polyads (29.52% to 1.72%). Thus, there was a low
percentage of correct polyads attaching during the cross result-
ing in a low pollination rate and a low chance of triploid pro-
duction. Of these correct polyads, only 43.33% were viable
and germinated, which was significantly (pb0.05) less than
the high percentage of viable polyads in the other crosses,
where 2n×2n gave 94.33%; 2n self gave 98.59% and 2n con-
trol gave 91.82%. In the 4n×2n cross, all the polyads thatgerminated reached and penetrated the ovary, although this
was significantly (pb0.05) less than the 2n self and 2n×2n
crosses. In the 2n×2n crosses there were a significant
(pb0.05) number of germinated polyads that did not reach
the ovary (94.33% germinated, but only 67.44% reached the
ovary). It is interesting to note that after self-fertilisation almost
all viable polyads reached the ovary and thus had the highest
amount of ovary penetration (91.04%). A similar trend was
noted for ovule penetration.
The effect of family was investigated with the various
crosses that were conducted (Table 2). In the 2n×2n cross no
significant (p>0.05) differences were noted between the fami-
lies in the pollination rate and for polyad germination. The
polyad germination rate across all families was low (b40%).
Family differences were apparent in the fertilisation rates with
Table 1
Comparison of pollination, germination and fertilisation rates when using either a diploid (2n) or tetraploid (4n) maternal parent, as well as a comparison between in
vitro (laboratory) and in vivo (field) cross pollination operations. Values within parentheses indicate measured values and treatments denoted by the same letters
within a column are not significantly different (pb0.05).
Ploidy of
maternal parent
Cross Condition No. of
pistils viewed
Stigmas with polyads
(%) (lsd=7.71)
Stigmas with
correct polyads
(%) (lsd=6.32)
Germinated
polyads (%)
(lsd=17.81)
Ovaries
penetrated (%)
(lsd=18.47)
Ovule
penetration (%)
(lsd=18.44)
2n 2n×2n In vitro 296 13.81 c (41) 9.35 b (28) 55.66 bc (15) 36.67 cd (10) 31.11 ab (8)
In vivo 269 34.46 e (88) 32.68 d (83) 94.33 d (78) 67.44 e (56) 68.69 d (56)
4n×2n In vitro 283 4.61 ab (13) 2.85 a (8) 16.67 a (2) 16.67 ab (2) 16.67 a (1)
In vivo 293 29.52 de (113) 1.72 a (6) 43.33 b (4) 43.33 cd (4) 43.33 bc (4)
2n self In vitro 294 11.35 bc (30) 9.74 b (25) 62.00 c (10) 27.33 bc (3) 23.33 ab (2)
In vivo 290 47.59 f (129) 44.35 e (121) 98.59 d (119) 91.04 f (109) 87.00 d (103)
2n control In vitro 288 0.33 a (1) 0.33 a (10) 0.00 a (0) 0.00 a (0) 0.00 a (0)
In vivo 289 22.62 d (61) 21.51 c (59) 91.82 d (54) 54.33 de (30) 49.82 c (27)
4n 4n×4n In vitro 303 2.70 a (8) 2.37 ab (7) 40.00 b (3) 40.00 b (3) 40.00 b (3)
In vivo 300 46.05 d (133) 34.48 e (100) 97.08cd 98) 97.08 c (98) 90.42 cd (92)
2n×4n In vitro 290 7.55 a (21) 7.55 bc (21) 8.57 a (3) 2.86 a (1) 2.86 a (1)
In vivo 300 42.23 d (126) 13.72 c (41) 80.67 c (36) 78.67 c (35) 72.92 c (31)
4n self In vitro 296 4.84 a (14) 4.84 ab (14) 10.00 a (2) 5.00 a (1) 5.00 a (1)
In vivo 284 34.26 c (98) 25.60 d (73) 100.00 d (73) 95.13 c (71) 95.13 d (71)
4n control In vitro 292 0.00 a 16.96 b (0) 0.00 a (0) 0.00 a (0) 0.00 a (0) 0.00 a (0)
In vivo 296 0.00 a 16.96 b (51) 13.68 c (41) 97.78 cd (40) 81.35 c (36) 75.99 c (33)
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and CP_49 the lowest (43.75%). However, the differences be-
tween the real values (as opposed to percentage values) for
each family, was marginal although significant (pb0.05). In
the 4n×2n cross few family differences were noted between
the pollination rates. Overall, however, there was an extremely
low pollination rate of less than 5%. Family CP_2 had a signif-
icantly (pb0.05) greater number of germinated polyads and
rate of fertilisation than families PSO5_T2 and CP_49. Howev-
er, in general the pollination rates were poor and thus the differ-
ences between the real values (as opposed to percentage values)
for each family, was marginal although significant (pb0.05). In
the 2n self cross, family PSO5_T1 had a significantly (pb0.05)
greater pollination rate (73.91% and 65.22%) than the other
families. This tree was predominantly a pollen tree (90% of
the flowers were male) which could explain the high selfing
rates. Family CP_2 had a significantly (pb0.05) lower self-
pollination rate than the other families and no significant
(p>0.05) differences were recorded between the families for
polyad germination and fertilisation rates. With the 2n selfing
there was a significantly (pb0.05) greater pollination rate
than with the 2n×2n and 4n×2n crosses. Self-fertilisation
rates were high, suggesting that incompatibility could be within
the ovary as seed development from selfing operations in black
wattle is generally low (Kenrick and Knox, 1989; Moffett and
Nixon, 1974; Moncur et al., 1989, 1991). This would need to
be confirmed through seed set data. For the 2n control cross,
family PSO5_T1 had significantly (pb0.05) greater pollination
rates than the other families, although this was low (b50%).
These results agree with the selfing results described above.
Few family differences were noted for polyad germination
rates. Families CP_49 and PSO5_T2 showed good fertilisation
rates for the control, indicating a high degree of selfing in these
families. The other families appear to have more effective pre-zygotic barriers, however this would need to be confirmed with
seed set results as there may be incompatibility within the
ovary. It is interesting to note that in the selfing cross,
PSO5_T1 had high fertilisation rates (93.55%), yet in the con-
trol they were noticeably less (27.27%).
3.3. In vivo cross pollinations using a tetraploid (4n) maternal
parent
In all crosses conducted using a tetraploid maternal parent, the
pollination rate was low (b50%) (Table 1). For the 2n×4n cross,
there was a noticeable reduction from stigmas with polyads to
stigmas with correct polyads (42.23% and 13.72%, respectively)
resulting in a low pollination rate and hence a low chance of trip-
loid production. The 2n×4n cross had a lower pollination rate
than the other crosses (except for the 4n control, where there
were no significant differences (p>0.05)). Of the 13.72% of stig-
mas with correct polyads attached, 80.67% of the polyads were
viable and this did not differ significantly (p>0.05) from the
other crosses that were conducted (except 4n self where 100%
of the polyads that attached to the stigma, germinated). In all
the crosses conducted, there was a high fertilisation rate
(>78.67%). The percentage of diploid pollen tubes that penetrat-
ed the tetraploid ovary (78.67%) was less than with the other
crosses (81.35% to 97.08%), even though it was non-significant
(p>0.05). In was interesting to note that the 4n selfing cross per-
formed as well as 4n×4n cross (with regard to pollination and fer-
tilisation rates).
The effect of family was investigated with the various
crosses that were conducted (Table 2). In the 4n×4n cross, fam-
ily 71 had the lowest pollination rate (20.34%) which was sig-
nificantly (pb0.05) different to families 66 and 79 (33.33% and
56.90%, respectively) which had the highest pollination rates.
There were no significant (p>0.05) differences in fertilisation
fe
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Fig. 3. Reproductive organs of A. mearnsii. (a) Stigma with a single polyad attached. (b) Stigma with multiple polyads attached. (c) Pollen tubes germinating out of
the polyad and down the style (fluorescent microscopy). (d) Pollen tubes entering the ovary. (e) Pollen tubes entering individual ovules. (f) Pistil.
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families (all half-sibs). In the 2n×4n cross, families 53 and 71
had lower pollination rates (5.0%) than the other families,
even though non-significant (p>0.05) at times. For all families,
with the exception of families 71 and 79, there was high polyad
germination (100%) and fertilisation (88% to 100%) rates.
Overall, however, the real values for pollination and fertilisa-
tion rates were low. In the 4n self cross, family 71 had signifi-
cantly (pb0.05) lower pollination rates (12.77%) than the other
families (with the exception of family 52). Family 79 had the
highest pollination rate (38.98%), although this was non-
significant (p>0.05) to families 52 and 66. Family 52 had a
higher pollination rate (24.07%) when compared to the other
families and this could be attributed to the fact that this tree
had a greater percentage of male flowers than the other families
(24% of the flowers were male versus 1.1% (family 53), 1.6%
(family 66) and 11.8% (family 71)). All families had a near100% fertilisation rate with no family differences observed.
Self-fertilisation rates were high, indicating that incompatibility
could be within the ovary as seed development from selfing op-
erations in diploid black wattle is generally low (Kenrick and
Knox, 1989; Moffett and Nixon, 1974; Moncur et al., 1989,
1991). With the 4n control cross, family 52 had the lowest pol-
lination rates (p>0.05), which was contrary to the selfing oper-
ation where it had relatively high pollination rates (3.92%
versus 24.07%). There were very few differences noted be-
tween the families for pollination, polyad germination and fer-
tilisation rates.
3.4. The use of a diploid (2n) or tetraploid (4n) maternal par-
ent, in the cross to produce a triploid (3n)
There was a significantly (pb0.05) greater degree of pollina-
tion when the maternal parent was a tetraploid (13.72%) as
Table 2
A comparison of differences in pollination (“stigmas with polyads” and “stigmas with correct polyads”), germination (“germinated polyads”) and fertilisation (“ovary
penetration” and “ovule penetration”) rates between families, within a ploidy (diploid or tetraploid), using the in vivo results from cross pollination operations. Values
within parentheses indicate measured values and treatments denoted by the same letters within a column are not significantly different (pb0.05).
Ploidy of
maternal parent
Cross Family No. of
pistils viewed
Stigmas with
polyads (%)
(lsd=13.66)
Stigmas with
correct
polyads (%)
(lsd=11.39)
Germinated
polyads (%)
(lsd=33.98)
Ovaries penetrated (%)
(lsd=34.78)
Ovules
penetrated (%)
(lsd=34.40)
2n 2n×2n PSO5_T1 30 30.00 a (9) 30.00 a (9) 100.00 a (9) 77.78 abc (7) 77.78 ab (7)
PSO5_T2 59 35.59 a (21) 32.20 a (19) 94.74 a (18) 94.74 c (18) 94.74 b (18)
pigs 58 41.38 a (24) 39.66 a (23) 95.65 a (22) 52.17 ab (12) 52.17 a (12)
CP_2 51 31.37 a (16) 31.37 a (16) 100.00 a (16) 81.25 bc (13) 68.75 ab (11)
CP_49 53 33.96 a (18) 30.19 a (16) 81.25 a (13) 43.75 a (7) 43.75 a (7)
4n×2n PSO5_T1 98 22.45 a (22) 0.00 a (0) 0.00 a (0) 0.00 a (0) 0.00 a (0)
PSO5_T2 118 33.05 ab (39) 1.69 a (2) 50.00 b (1) 50.00 b (1) 50.00 b (1)
pigs 59 23.73 a (14) 0.00 a (0) 0.00 a (0) 0.00 a (0) 0.00 a (0)
CP_2 53 43.40 b (23) 1.89 a (1) 100.00 c (1) 100.00 c (1) 100.00 c (1)
CP_49 60 25.00 a (15) 5.00 a (3) 66.67 bc (2) 66.67 bc (2) 66.67 bc (2)
2n self PSO5_T1 46 73.91 c (34) 65.22 c (30) 100.00 a (30) 93.55 a (28) 87.10 a (26)
PSO5_T2 65 47.69 b (31) 47.69 b (31) 96.77 a (30) 93.55 a (29) 83.87 a (26)
pigs 58 46.55 b (27) 44.83 b (6) 96.15 a (25) 73.08 a (19) 69.23 a (18)
CP_2 55 23.64 a (13) 23.64 a (13) 100.00 a (13) 100.00 a (13) 100.00 a (13)
CP_49 52 46.15 b (24) 40.38 b (21) 95.24 a (20) 90.48 a (19) 90.48 a (19)
2n control PSO5_T1 49 46.94 c (23) 44.90 d (22) 95.45 ab (21) 27.27 a (6) 22.73 a (5)
PSO5_T2 58 25.86 a (15) 25.86 c (15) 100.00 b (15) 86.67 bc (13) 86.67 b (13)
pigs 55 14.55 ab (8) 12.73 ab (7) 100.00 b (7) 28.57 a (2) 28.57 a (2)
CP_2 58 18.97 ab (11) 18.97 bc (11) 63.64 a (7) 63.64 b (7) 45.45 a (5)
CP_49 59 6.78 a (4) 5.08 a (3) 100.00 b (3) 100.00 c (3) 100.00 b (3)
4n 4n×4n 52 60 41.67 ab (25) 31.67 ab (19) 100.00 a (19) 100.00 a (19) 94.74 a (18)
53 53 50.94 bc (27) 30.19 ab (16) 100.00 a (16) 100.00 a (16) 93.75 a (15)
66 60 40.00 ab (24) 33.33 b (20) 100.00 a (20) 100.00 a (20) 100.00 a (20)
71 59 35.59 a (21) 20.34 a (12) 91.67 a (11) 91.67 a (11) 91.67 a (11)
79 58 62.07 c (36) 56.90 c (33) 100.00 a (33) 100.00 a (33) 96.97 a (32)
2n×4n 52 58 56.90 bc (33) 15.52 ab (9) 100.00 b (9) 88.89 bc 100.00 (8) 77.78 bc (7)
53 60 21.67 a (13) 5.00 a (3) 100.00 b (3) 100.00 c ( 3) 100.00 c (3)
66 60 65.00 c (39) 26.67 b (16) 100.00 b (16) 33.33 a (16) 81.25 bc (13)
71 60 21.67 a (13) 5.00 a (3) 33.33 a (1) 60.00 ab (1) 33.33 a (1)
79 61 45.90 b (28) 16.39 ab (10) 70.00 b (7) 88.89 bc 100.00 (6) 50.00 ab (5)
4n self 52 54 29.63 ab (16) 24.07 ab (13) 100.00 a (13) 92.31 a (12) 92.31 a (12)
53 61 39.34 bc (24) 24.59 b (15) 100.00 a (15) 100.00 a (15) 100.00 a (15)
66 58 32.76 b (19) 27.59 bc (16) 100.00 a (16) 100.00 a (16) 100.00 a (16)
71 47 17.02 a (8) 12.77 a (6) 100.00 a (6) 83.33 a (5) 83.33 a (5)
79 59 52.54 c (31) 38.98 c (23) 100.00 a (23) 100.00 a (23) 100.00 a (23)
4n control 52 51 5.88 a (3) 3.92 a (2) 100.00 a (2) 50.00 a (1) 50.00 a (1)
53 59 15.25 abc (9) 13.56 ab (8) 100.00 a (8) 75.00 ab (6) 75.00 ab (6)
66 59 27.12 c (16) 23.73 b (14) 100.00 a (14) 92.86 b (13) 78.57 ab (11)
71 64 23.44 bc (15) 14.06 ab (9) 88.89 a (8) 88.89 b (8) 88.89 b (8)
79 61 13.11 ab (8) 13.11 ab (8) 100.00 a (8) 100.00 b (8) 87.50 b (7)
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er, these pollination rates were significantly (pb0.05) lower than
2n×2n (32.68%) and 4n×4n (34.48%) crosses. There was also a
significantly (pb0.05) greater proportion of viable polyads that
germinated and fertilised the ovaries and ovules when the mater-
nal parent was tetraploid (80.67% diploid polyad germination;
78.67% ovary penetration) as opposed to when the maternal par-
ent was diploid (43.33% tetraploid polyad germination; 43.33%
ovary penetration). In the 2n×4n cross (tetraploid maternal par-
ent), there was no significant (p>0.05) differences in fertilisation
rates when compared to the 4n×4n cross (97.08%), although this
was significantly (pb0.05) higher than the 2n×2n cross
(67.44%). However, the pollination rates for the 2n×4n cross
were extremely low (b14%), indicating very poor chances of suc-
cessful fertilisation and triploid production.3.5. Morphological measurements to determine possible
incompatibilities in the triploid cross
Measurements taken from inflorescences in the laboratory and
in the field were combined to determine overall ploidy differ-
ences (Table 3). For all measurements taken, the tetraploid di-
mensions were significantly (pb0.05) greater than those of
diploids. It was interesting to note that the total number of male
flowers per inflorescence for the diploids (6.74) was significantly
(pb0.05) greater than that observed for the tetraploids (4.50).
This confirms the results above which indicate that a greater de-
gree of pollination and fertilisation occurred when a tetraploid
maternal parent was used in the cross to produce a triploid.
Within both ploidy levels investigated, family differences
were apparent to some extent for all measurements taken
Table 3
A comparison of differences in morphological measurements (n=50) between diploids (2n) and tetraploids (4n) within the various cross pollination operations
conducted. Treatments denoted by the same letters within a column are not significantly different (pb0.05).
Ploidy of
maternal
parent
Cross Condition Stigma
diameter
(μm)
(lsd=0.93)
Pistil
length
(mm)
(lsd=0.06)
Style
length
(mm)
(lsd=0.05)
Ovary size
(mm)
(lsd=0.01)
Ovule size
(μm)
(lsd=1.00)
Polyad
size (μm)
(lsd=1.81)
No. of
ovules
(lsd=0.11)
Total no. of
ﬂowers per
inﬂorescence
(lsd=0.64)
Total no. of male
ﬂowers per
inﬂorescence
(lsd=0.64)
2n 2n×2n in vitro 61.85 4.07 3.27 0.80 101.85 – 11.26 32.75 10.43
in vivo 60.62 4.45 3.63 0.82 103.66 – 11.04 30.87 7.70
4n×2n in vitro 60.64 3.98 3.18 0.80 103.39 – 11.23 32.75 10.43
in vivo 61.53 4.47 3.66 0.80 102.26 – 11.08 30.87 7.70
2n self in vitro 60.90 3.96 3.21 0.75 102.41 43.21 11.29 32.75 10.43
in vivo 59.18 4.49 3.63 0.86 102.87 42.67 11.14 30.87 7.70
2n control in vitro 58.49 3.72 2.98 0.74 – 46.81 – 32.49 7.16
in vivo 58.99 4.53 3.73 0.80 – 42.36 – 33.00 6.94
Mean 60.28 a 4.21 a 3.41 a 0.80 a 102.74 a 43.76 a 11.17 b 31.47 a 6.74 b
4n 4n×4n in vitro 70.40 4.05 3.19 0.86 122.80 – 10.94 35.14 7.48
in vivo 71.02 5.06 4.06 1.00 125.86 – 11.14 37.10 0.94
2n×4n in vitro 71.42 4.33 3.45 0.88 123.84 – 11.00 33.87 6.49
in vivo 71.47 5.09 4.11 0.98 122.28 – 11.07 33.12 0.64
4n self in vitro 72.23 4.04 3.19 0.85 119.50 55.08 10.87 33.98 6.64
in vivo 70.52 5.01 4.04 0.97 123.33 54.37 10.78 33.02 6.05
4n control in vitro – 3.89 3.04 0.86 – – – 34.30 4.32
in vivo 73.77 4.86 3.92 0.94 – 53.69 – 34.40 3.46
Mean 71.55 b 4.54 b 3.62 b 0.92 b 122.93 b 54.38 b 10.96 a 34.37 b 4.50 a
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together, the diploid and tetraploid families separated out
(pb0.05) for ovule, polyad and ovary size and for diameter
and pistil length (with the exception of diploid family CP_49
which showed similarities to one of the tetraploid families).
Within the style length measurements, there was a large degree
of similarity between the ploidy levels, even though the style
length measurements of the tetraploids (3.62 mm) were signifi-
cantly (pb0.05) larger than the diploids (3.41 mm) (Table 3).
Measurements taken for number of ovules, total number of
flowers per inflorescence and total number of male flowers
per inflorescence, showed some family differences within
each ploidy group and between ploidy levels but the differences
were negligible, even though significant (pb0.05). One must
bear in mind that the measurements taken for the number of
ovules and number of flowers per inflorescence are subjective
as the ovules were difficult to see at times, and the flowers
had sometimes broken apart in the fixative solution making it
difficult to make comparisons.
4. Discussion
One of the objectives of this study was to compare the results
from in vitro and in vivo cross pollinations in order to see if any en-
vironmental barriers in the field affecting pollination and fertilisa-
tion could be removed or minimized under laboratory conditions.
The laboratory results from this investigation gave extremely
poor results, in comparison to the field results, particularly with re-
gard to polyads adhering to the stigma, polyad germination and
ovary fertilisation. It is possible that the lack of nutrients in the me-
dium on which the inflorescences were placed was not suitable for
sustaining the plant tissue long enough to allow for sufficient post-
pollination exudate secretion by the stigma and hence pollen tube
growth and development (Sedgley, 1987). For this reason, only thein vivo results were used to draw conclusions in this study. If fur-
ther such laboratory investigations should be pursued, a nutrient
enriched medium such as Murashige and Skoog (1962) may
yield better results (Van Tuyl et al., 1991).
The experimental design in this study was established to in-
vestigate whether or not the use of a diploid (2n) or tetraploid
maternal parent (4n) had any influence on the success rate of
the cross to produce a triploid variety of black wattle. The re-
sults showed that successful fertilisation of the ovary was pos-
sible whether one used a diploid or a tetraploid maternal parent.
When the maternal parent was a tetraploid, however, the polli-
nation rate and ovary fertilisation rates were significantly
(pb0.05) greater than when a diploid maternal parent was
used. Family differences were also investigated, but due to
the poor pollination rates this was difficult to determine. In
the cross to produce a triploid, what was apparent was that
when the maternal parent was a tetraploid, some of the tetra-
ploid families appeared to have better pollination rates than
others. Thus, the effect of family in the cross to produce a trip-
loid in black wattle should not be disregarded and needs further
investigation. The extremely low pollination rates observed
(b50% for controls andb14% for the triploid cross) are a con-
tributing factor to the poor seed set obtained from cross pollina-
tion operations. The low pollination rates obtained from this
study are in agreement with those obtained by Moncur et al.
(1991), who recorded 37% of A. mearnsii stigmas with a
polyad attached. Similarly, Kenrick and Knox (1985) recorded
39–45% polyad attachment to stigmas as a result of cross pol-
linations in A. retinoides, and Sedgley et al. (1992) recorded
polyad attachment rates of 34% for A. auriculiformis and slight-
ly higher rates of polyad attached in A. mangium (71%).
Moncur et al. (1989, 1991) also presented results indicating
the poor seed set in black wattle for selfing (0.5%), cross polli-
nation (21.2%) and open pollination (1.3%) operations. In a
Table 4
Comparison of differences in morphological measurements, between families within the two ploidy levels being tested, namely diploid (2n) and tetraploid (4n).
Treatments denoted by the same letters within a column are not significantly different (pb0.05).
Ploidy of
maternal
parent
Family Condition Stigma
diameter
(μm)
(lsd=1.76)
Pistil
length
(mm)
(lsd=0.13 )
Style
length
(mm)
(lsd=0.11)
Ovary size
(mm)
(lsd=0.03)
Ovule size
(μm)
(lsd=2.09)
Polyad
size (μm)
(lsd=1.56)
No. of
ovules
(lsd=0.25 )
Total no. of
ﬂowers per
inﬂorescence
(lsd=1.33)
Total no. of male
ﬂowers per
inﬂorescence
(lsd=2.41)
2n PSO5 T1 In vitro – 4.44 3.55 0.89 – 43.39 – 31.97 21.50
In vivo 54.04 4.23 3.46 0.76 104.18 42.48 10.81 30.82 27.80
Mean 54.04 a 4.30 b 3.49 b 0.80 b 104.18 bc 42.78 b 10.81 ab 31.20 b 25.70 f
PSO5 T2 In vitro – 4.51 3.66 0.85 – 43.08 – 32.38 3.24
In vivo 55.39 4.13 3.31 0.82 109.62 42.09 11.22 28.75 3.68
Mean 55.39 a 4.26 b 3.43 b 0.83 bc 109.62 d 42.41 b 11.22 d 30.31 ab 3.49 cd
Pigs In vitro 54.70 3.63 2.92 0.70 103.99 41.74 10.91 34.67 3.93
In vivo 60.85 4.29 3.54 0.76 101.88 40.22 10.71 36.40 3.68
Mean 58.21 b 3.96 a 3.23 a 0.73 a 102.72 b 40.73 a 10.81 ab 35.66 de 3.79 d
CP 2 In vitro 60.31 3.70 2.96 0.74 109.15 44.98 11.27 28.60 2.70
In vivo 61.66 4.88 4.00 0.88 103.18 42.92 11.07 30.55 0.05
Mean 61.08 c 4.29 b 3.48 b 0.81 bc 106.16 c 43.61 bc 11.17 cd 29.71 a 1.19 abc
CP 49 In vitro 65.91 4.02 3.22 0.80 94.70 44.84 11.60 34.60 4.93
In vivo 68.46 4.88 4.00 0.88 95.80 44.89 11.62 33.93 1.35
Mean 67.18 d 4.45 c 3.61 cd 0.84 c 95.25 a 44.86 c 11.61 e 34.21 c 2.89 bcd
4n 52 In vitro 72.93 4.14 3.24 0.90 128.47 57.90 10.57 34.05 20.04
In vivo 78.11 4.80 3.84 0.96 127.38 53.52 10.59 35.67 8.44
Mean 75.89 f 4.23 b 3.50 bc 0.93 d 128.03 g 54.98 e 10.58 a 34.97 cd 13.41 e
53 In vitro 68.42 4.11 3.25 0.86 120.67 52.78 10.74 31.43 1.20
In vivo 66.63 4.99 4.01 0.98 126.16 54.14 10.86 30.98 0.68
Mean 67.39 d 4.55 c 3.63 d 0.92 d 123.41 f 53.68 de 10.80 ab 31.17 b 0.90 ab
66 In vitro 74.13 4.22 3.34 0.88 122.60 55.58 11.25 34.33 5.47
In vivo 71.11 5.17 4.21 0.96 125.00 54.21 11.39 34.28 0.38
Mean 72.41 e 4.69 d 3.78 e 0.92 d 123.80 f 54.18 de 11.32 d 34.30 c 2.56 abcd
71 In vitro 70.11 3.99 3.12 0.87 120.99 53.61 10.93 33.23 1.80
In vivo 72.05 4.91 3.94 0.97 120.37 53.78 10.98 35.16 4.15
Mean 71.22 e 4.45 c 3.53 bcd 0.92 d 120.68 e 53.07 d 10.96 bc 34.33 cd 3.14 bcd
77 In vitro 71.15 3.92 3.13 0.81 117.49 55.55 11.19 37.20 0.57
In vivo 70.58 5.10 4.10 1.00 120.71 54.52 11.14 35.98 0.23
Mean 70.82 e 4.52 c 3.61 cd 0.90 d 119.10 e 54.86 e 11.16 cd 36.50 e 0.37 a
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cies it was noted that the emerging stigma had an exudate cov-
ering the surface which aided in the attachment of polyads. It
was noted that during pollination, when pollen was transferred
from anther to stigma, an increased amount of this exudate was
produced (Kenrick and Knox, 1981; Sedgley, 1987). This post-
pollination exudate possibly stimulates and enables the germi-
nation of the pollen grains within the polyads, even those poly-
ads which are not in direct contact with the stigma. Kenrick and
Knox (1981) observed that this increased exudate production
occurred within 30 min of pollination and the presence thereof
remained for some hours after pollination until it either moved
down the style or evaporated. Thus, the stimulation and pres-
ence of this exudate is critical for successful pollination and fer-
tilisation in Acacia species. Bernhardt et al. (1984) reported that
cross pollinations made following days where temperatures
exceeded 30 °C resulted in reduced pod set, indicating that
high temperatures may have an effect on the exudate of the stig-
ma, making the stigma unreceptive or affecting the viability of
the pollen or enhance incompatibility at the stigma or within the
style. Griffen et al. (2010) showed that an application of 20%
sugar solution to the stigma, prior to pollination enhanced
seed production in controlled crosses with A. mangium. Forthis reason, more research into increasing pollination rates in
black wattle is critical, especially if an increase in the seed pro-
duction resulting from the triploid cross pollination operation is
required.
Morphological measurements and observations also revealed
that tetraploid floral parts were significantly (pb0.05) larger
than those of the diploids. The size differences between the dip-
loid and tetraploid polyads and pistils especially, did not appear
to influence the fertilisation of the ovaries and thus did not pose
any identifiable barrier in the cross to produce a triploid. In
some instances there were up to five polyads attached to the stig-
ma and even though it was difficult to observe pollen germination
from each polyad, a considerable number of pollen grains were
able to grow into the style and down to the ovary. These results
differ fromMoncur et al. (1989) who noted that the stigmatic sur-
face was only capable of supporting one polyad and that each pod
was determined by a single male parent. The results from this
study suggest that it is possible that multiple male parents can de-
termine the genetic constitution of a single pod. However, the
greater the number of selfed polyads or polyads with the same
ploidy as the maternal parent, that are attached to the stigma,
the smaller the chances are of successful triploid production
(Moncur et al., 1991). There were no significant (p>0.05)
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and tetraploid control crosses (2n×2n; 2n selfed; 2n control;
4n×4n; 4n selfed and 4n control). However, the tetraploid pollen
was significantly (pb0.05) more vigorous with respect to suc-
cessful fertilisation. Considering the results from the cross to pro-
duce a triploid (2n×4n or 4n×2n), the diploid polyads were
significantly (pb0.05) more vigorous and suitable in fertilising
the tetraploid ovaries as opposed to using tetraploid polyads to
fertilise diploid ovaries. Morphological observations also
revealed that the tetraploid inflorescences had fewer male flowers
per inflorescence than the diploids and this too could contribute to
the successful fertilisation rates observed when a tetraploid ma-
ternal parent was used in the cross to produce a triploid. Within
both ploidy levels, one tree was identified as a male tree, i.e. pri-
marily a pollen producer, emphasizing the importance of being
able to identify male trees prior to them being used as potential
maternal parents in cross pollination operations.
Possible pre-zygotic barriers at the stigma, style or ovary
were investigated and even though some incompatibility was
seen in the style (for all crosses), where some pollen grains
ceased to grow, the only area of incompatibility that could be
identified in the cross to produce a triploid, was within the
ovary, as ovary fertilisation rates recorded in this study were
high. Thus, it is suspected that there must be some structures
within in the ovary that are acting as barriers and preventing
successful seed development. It was interesting to note that,
with the selfing crosses, there was a high degree of polyad ger-
mination and ovary fertilisation and this was the same, and in
some cases higher, than results obtained from the normal con-
trolled cross pollinations (2n×2n and 4n×4n). The results
from the diploid selfing (2n selfing) and diploid controlled
cross pollinations (2n×2n) in this study differed from those
obtained by Moncur et al. (1989), who recorded that in selfing
operations of diploid A. mearnsii there were a large number of
pollen grains that germinated into the style but rarely entered
the ovary, thus resulting in reduced seed set compared to that
of natural crosses (open pollination) and controlled crosses.
Thus, a large degree of incompatibility at the stigma or style
was expected. This was not the case, however, leading to the
conclusion that the incompatibility could be within the ovary.
Studies by Moffett (1956) and Moffett and Nixon (1974),
showed moderate levels of selfing in South African populations
of A. mearnsii, with reduced seed set (Kenrick and Knox, 1989;
Moffett and Nixon, 1974; Moncur et al., 1989; 1991).The re-
sults for the diploid control crosses (2n×2n, 2n selfing) in
this study concur with those obtained in A. retinoides
(Kenrick and Knox, 1985), where they concluded that the pos-
sible sites of pre-zygotic incompatibility could be where the
pollen tube meets the ovule, resulting in pollen tube arrest in
the mircopyle or nucellus or there could be incompatibility
within the embryo sac at the gamete–gamete site of interaction.
There could also be the involvement of post-zygotic lethal
genes (Kenrick and Knox, 1985), which too would result in re-
duced or no seed being set. These could be the barriers that are
occurring in both the selfing and triploid cross pollinations of
black wattle observed in this study, resulting in reduced or no
seed set.Overall pollination rates observed were extremely poor and
ways to increase this also require optimisation. Future studies
should also investigate ways of increasing the post-pollination
exudate production of the stigma together with optimising the
timing of the crosses when the stigma is receptive, through in-
creased cross pollination operations. In addition, the introduc-
tion of bee hives in the seed orchards could increase the
amount of natural pollination by insect vectors (Sedgley et al.,
1992). This study also showed that prior to cross pollination op-
erations, any predominantly male trees should be identified and
eliminated as possible maternal parents. The effect of tempera-
ture in cross pollination operations (Bernhardt et al., 1984) with
respect to stigma receptivity and pollen viability could also be a
confounding factor with regard to poor seed set following
fertilisation.
5. Conclusions
Results from this study demonstrate that fertilisation be-
tween diploid and tetraploids, for the production of a triploid
black wattle, is possible. The maternal parent used for the pro-
duction of a triploid must be a tetraploid in order to achieve
maximum fertilisation. However, the study showed that incom-
patibility within the ovary structure, post-fertilisation, could be
contributing to poor triploid seed set. For this reason, our cur-
rent research is now focused on in vitro embryo rescue and
plantlet regeneration as a means to overcome this barrier.
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